Rationale Once dependent on alcohol or opioids, negative affect may accompany withdrawal. Dependent individuals are hypothesized to "self-medicate" in order to cope with withdrawal, which promotes escalated alcohol and drug use. Objectives The current study aimed to develop a reliable animal model to assess symptoms that occur during spontaneous alcohol and opioid withdrawal. Methods Dependence was induced using intermittent alcohol exposure or pulsatile heroin delivery and assessed for the presence of withdrawal symptoms during acute withdrawal by measuring somatic signs, behavior in the forced swim test (FST), and air-puff-induced 22-kHz ultrasonic vocalizations (USVs). Additional animals subjected to 8 weeks of alcohol vapor exposure were evaluated for altered somatic signs, operant alcohol self-administration, and 22-kHz USV production, as well as performance in the elevated plus maze (EPM).
Introduction
Approximately 7.9 % of the population 18 years or older could be diagnosed with an alcohol use disorder (AUD) within the past year, with 3.4 % diagnosable as alcohol dependent (Substance Abuse and Mental Health Services Administration 2005). Furthermore, there have been progressive increases in licit and illicit opioid abuse such that approximately 2.2 million people are currently dependent on opioids (Substance Abuse and Mental Health Services Administration 2010). Moreover, the societal cost of alcohol and opioid abuse in the USA has been estimated to range from US$184.6 to 234.8 and 55 billion/year, respectively (Birnbaum et al. 2011; Harwood et al. 1998; Rehm et al. 2009 ). Chronic exposure to alcohol or opioids can induce dependence and result in the production of negative affective states which are predominantly evident during withdrawal (Koob and Le Moal 1997; Markou et al. 1998) and are hypothesized to be the basis of negative reinforcement learning (for review, see Walker 2012; Smith et al. 2011) . The negative affective behaviors associated with alcohol and opioid dependence have different etiologies (i.e., preexisting or exposure-induced, respectively), and there is evidence for both perspectives (Hasin and Grant 2002; Schuckit et al. 1997) . However, since the comorbidity between alcohol or opioid dependence and negative affective states is high (Grant and Harford 1995; Nunes et al. 1994) , it is important to develop treatments for these symptoms that arise from these conditions. Therefore, the creation of reliable animal models of dependence-induced negative affect is critical in order to provide a valid method for pharmacotherapeutic development efforts. Chronic exposure to alcohol vapor is a wellestablished method to induce alcohol dependence Rogers et al. 1979) and allows the experimenter to titrate the animal's blood alcohol levels (BALs) and to maintain a high degree of control over dependence induction. Refinement of the model has resulted in animals being intermittently exposed to alcohol vapor for 4 weeks (as opposed to chronic exposure which has low face validity), which reliably produces symptoms of alcohol withdrawal characterized by an escalated response pattern according to both fixed and progressive ratio schedules of reinforcement (O'Dell et al. 2004; Walker and Koob 2007) . Underlying these behavioral changes is an altered brain circuitry that not only results in motivational changes but also produces negative affective states during withdrawal (Koob 2003 (Koob , 2009 Koob and Le Moal 2001; Walker et al. 2012) . Rats experiencing acute and protracted alcohol withdrawal show increased intracranial self-stimulation thresholds (Schulteis et al. 1995) , decreased latencies to immobility, as well as increased total immobility time in the modified forced swim test (Getachew et al. 2010; Walker et al. 2010) , both of which could be considered indicative of depressive-like behaviors or attenuated motivational states. Therefore, alcohol vapor exposure can induce dependence and the resulting withdrawal state is comprised of an array of symptoms that include altered somatic, motivational, and negative affective behaviors.
However, parallel models of opioid dependence and withdrawal need to be further developed with the goals of enhancing face, predictive, and construct validity. Experimentally, opioid dependence is typically induced via the implantation of subcutaneous morphine pellets (Cochin et al. 1979; Harris and Aston-Jones 2003; Walker et al. 2003) or osmotic minipumps (Hay et al. 2010; Kalinichev and Holtzman 2003) . Under ordinary circumstances, these models are less than ideal as the experimenter must remove the morphine pellet or osmotic minipump (which can agitate the organism) to induce spontaneous withdrawal, or administer an opioid receptor antagonist, such as naloxone, to precipitate withdrawal. As such, these paradigms do not parallel clinical populations that cycle through periods of drug use and withdrawal (Baker et al. 2004; Kaplan 1992) . However, these models do produce similar motivational and affective alterations that are seen during withdrawal in alcoholdependent organisms. For example, one study showed that morphine-dependent rats in withdrawal, both spontaneous and precipitated, spent less time in the open arms of the elevated plus maze (EPM), findings that indicate opioid withdrawal has anxiogenic effects (Schulteis et al. 1998) comparable to those observed during alcohol withdrawal (Valdez et al. 2002; Zhang et al. 2007) .
Given that the face validity of precipitated opioid withdrawal does not reflect clinical opioid abuse patterns (Contarino and Papaleo 2005; Kaplan 1992) , it is unclear whether the predictive validity of precipitated withdrawal models would be applicable under all conditions. However, there are very few studies that have characterized spontaneous opioid withdrawal in animal models. One study used osmotic minipumps to chronically administer heroin and assess withdrawal (Azar et al. 2004 ) in a manner that allowed for control of the timing and duration of spontaneous withdrawal. However, that study solely measured body weight during spontaneous withdrawal while the present experiment attempts to characterize spontaneous withdrawal by evaluating a constellation of symptoms, both somatic and those indicative of negative affect.
Several animal models have been proposed to assess negative affective states resembling depression or anxiety. Due to a high degree of predictive validity for antidepressant efficacy, immobility in the forced swim test (FST) has been posited as a measure of depressive-like behavior (Cryan et al. 2002; Duman 2010) . Likewise, the percentage of openarm time in the EPM has been proposed as a measure of anxiety-like behavior in rodents as it also has high predictive validity for both anxiolytic and anxiogenic drugs (Pellow et al. 1985) . However, other measures may represent negative affective states in a more ethologically valid manner. 22-kHz ultrasonic vocalizations (USVs) have been shown to signify aversive states in rats (Knutson et al. 2002) , but determining whether 22-kHz USVs might be representative of anxiety-or depressive-like states (or both) has been difficult. If 22-kHz USVs could be demonstrated to better approximate negative affective states resembling either depression or anxiety, their utility might increase due to enhanced specificity and could offer a reasonable alternative to the FST or EPM. Furthermore, given that 22-kHz USVs are active measures of negative affective states (as opposed to passive measures like the FST and EPM), their measurement and interpretation is not confounded by nonspecific locomotor effects of drugs in the same way passive measures are (e.g., Kliethermes 2005) .
The current experiments were designed to test three main hypotheses: (1) pulsatile heroin delivery would induce dependence and allow for consistent behavioral testing during spontaneous withdrawal, (2) induced 22-kHz USVs would increase during spontaneous withdrawal from heroin and alcohol concomitant with motivational and somatic withdrawal indices, and (3) acute withdrawal-induced 22-kHz USVs could be distinguished from negative affective behavior resembling anxiety as indexed by percent open-arm time in the EPM. To this end, we utilized modified osmotic minipumps in a manner that allowed pulsatile delivery of heroin, rather than a continuous infusion regimen. This method affords precise control over the timing of infusions to achieve identical exposure timing parameters (14-h on/ 10-h off) as the alcohol vapor exposure paradigm used in the studies, which better models human opioid abuse patterns (Kaplan 1992) . Subsequently, following alcohol or heroin dependence induction, somatic, motivational and affectivelike behaviors were assessed during acute withdrawal.
Methods

Animals
One hundred and thirty-six male Wistar rats (~70 days old and bred from Charles River Laboratory (Hollister, CA) breeding pairs) were used in the present studies. All animals were group-housed (two to three rats per cage) in a temperature controlled vivarium (21±2°C) on a 12-h reverse light cycle with ad libitum food and water. All animals were handled for 1 week prior to experimentation, and animal care adhered to the National Research Council's Guide for the Care and Use of Laboratory Animals (1996) and Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (2003) , with all procedures approved by the Washington State University Institutional Animal Care and Use Committee. Every effort was made to use the least amount of animals, minimize animal suffering, and utilize alternatives to in vivo techniques.
Pre-dependence training
Acquisition of operant alcohol self-administration Animals were trained to self-administer a 10 % alcohol solution with a sweetener-fade technique during 30-min operant self-administration sessions (Samson 1986 ). Operant training took place in standard operant conditioning chambers (Med Associates, St. Albans, VT) with custom drinking wells (Behavioral Pharma, La Jolla, CA). Operant alcohol self-administration training has been detailed in previous publications (Walker and Koob 2007) . Using a continuous schedule of reinforcement (fixed-ratio 1), acquisition of the operant response occurred using a sweetened fluid as the reinforcer (0.125 % saccharin and 3 % glucose), which is preferred to sucrose (Valenstein et al. 1967 ) and does not require food or water deprivation. Ten percent alcohol (w/v) was added to the sweetened fluid, and over 3 weeks, sweetener was slowly removed until only 10 % alcohol (w/v) was left in the solution. After responding for alcohol stabilization (defined as three sessions with <10 % deviation), the animals were split into two groups matched for operant alcohol self-administration (grams per kilogram) and assigned to either air-or alcohol vapor-exposed conditions (n010/group). All animals were subjected to a 4-week exposure period prior to reinitiating self-administration.
Dependence induction procedures
Intermittent alcohol vapor exposure
Intermittent exposure to alcohol vapor (14-h on/10-h off; 7 days/week) induces increased motivational and negative affective states indicative of alcohol dependence Valdez et al. 2002; Walker et al. , 2010 Walker and Koob 2007, 2008) . The apparatus (La Jolla Alcohol Research, Inc., La Jolla, CA) allows BALs to be titrated by the experimenter by adjusting the rate of 95 % alcohol that is vaporized and introduced into the air flow supplying the sealed environmental chambers that the animals were housed in. This allowed the experimenter to keep the animal's BALs within a desired level (175-225 mg%), which was determined semiweekly by collecting blood from the tails (~100 μl). After centrifugation, plasma samples were assayed for alcohol content using the Analox AM1 (Analox Instruments Ltd., Lunenburg, MA).
Pulsatile heroin exposure
Four doses of daily pulsatile heroin exposure (14-h on, 10-h off) were selected for use in the osmotic minipumps representing vehicle, 0.75, 1.5, and 3 mg heroin/14 h. Although osmotic minipumps are generally used for continuous infusion experimental designs, the present approach (see Fig. 1 ) utilized a modification that provided the means to deliver heroin in a pulsatile manner for up to 30 days. By filling the pumps with saline and attaching polyethylene (PE60) tubing to the pump, based on the tubing inner diameter and pump flow rate characteristics, the volume needed for different infusion periods (e.g., 14-or 10-h periods) could be determined. Prior to filling, the tubing was prepared using the Lynch coil technique (Lynch et al. 1980 ) which consisted of coiling the PE tubing around a cylinder with a similar circumference as that of the pump, dipping the coil into heated water for 1 min to soften the thermoformable PE tubing and then immersing the coil into ice water to harden the PE and fix it in that particular coiled shape. Once formed, the tubing was filled with alternating heroin solution and mineral oil according to the desired time course for a 30-day period using a miniature perfusion manifold (Harvard Apparatus, MA) that provided the means to accurately fill the coil with two alternating solutions using microinfusion pumps for precise volume delivery. Priming of the osmotic minipump occurred overnight in 37°C saline to confirm appropriate flow rate and functioning prior to surgical implantation.
Animals were anesthetized with isoflurane gas (4 % for induction and~2 % for maintenance) and the minipumps were implanted subcutaneously in the posterior region of the back after shaving, sterilizing and making an incision with a scalpel. Once the osmotic minipump was appropriately positioned, the incision was closed with surgical staples, which were removed after 3 days. Following surgery, animals were allowed to recover for four additional days and received daily antibiotic injections of Baytril (5 mg/kg, SC) during that time period.
The doses of heroin used in the present study were determined based on previous experiments which showed that rats demonstrating escalated self-administration patterns had comparable levels of heroin intake if allowed to self-administer heroin for 12 or 23 h (Chen et al. 2006; Greenwell et al. 2009 ). In those studies, the amount self-administered was approximately 3 mg/day, which was consistent with our lab's intravenous heroin self-administration data for 1-h sessions multiplied by 14 h (unpublished data). The minipump infused at a rate of~2.33 μl/h (Alzet model 2ML4 by Durect) and therefore, in conjunction with the known volume of the tubing used, one could calculate the precise amount that would be needed so that the desired daily heroin dose was achieved within a 14-h timeframe and was then followed by mineral oil at the same rate for 10 h.
Post-dependence behavioral measures
Acute withdrawal operant alcohol self-administration After the initial 4-week alcohol vapor exposure period, both the air-and vapor-exposed animals were tested in 30-min alcohol self-administration sessions twice a week, at a time point corresponding to 6 h into withdrawal for the dependent animals. After each session, animals were returned to their air-or vapor-exposed chambers. Animals were allowed to engage in self-administration sessions twice weekly until they reached stable responding (<10 % deviation over 3 days), at which point their lever presses (providing an index of the volume of 10 % alcohol (w/v) that was consumed) and weights were used to calculate the grams per kilogram data used in the statistical analyses.
Elevated plus maze
Air-or alcohol-exposed groups were tested in the EPM at a time point corresponding to 6-10 h into withdrawal for the dependent animals. The maze consists of a raised Plexiglas platform (50 cm high) with two open arms and two closed arms of equal length (47×10 cm each) and a 10×10-cm center platform. The floors of the EPM were black, but the Plexiglas walls of the closed arms were clear (40 cm high). Each animal was placed in the center of the platform facing the same direction and allowed to explore the maze for 5 min. Illumination in all arms was approximately 50 lux. Each animal was recorded by video and AnyMaze video tracking software (Stoelting Co, Wood Dale, IL) was used to score the amount of time spent in the open arm, closed arm, and center platform. The maze was cleaned with Quatricide® and dried between each animal.
Forced swim test
The heroin-and alcohol-exposed groups were tested in the FST at a time point corresponding to 6-10 h into withdrawal for the dependent animals. The FST apparatus was a custom-built clear Plexiglas® cylinder (diameter034 cm, height079.5 cm). The cylinder was filled to 53 cm with water temperature at 24±2°C. Illumination at the surface of the water was approximately 25 lux. For the heroin-exposed animals, on day one the rats were placed in the apparatus for Fig. 1 Modified osmotic minipump that allows for pulsatile heroin delivery according to the desired experimental schedule. Preparation of the thermoformable polyethylene tubing so that it will remain tightly wrapped and untangled occurs via the Lynch coil method (Lynch et al. 1980) . Fifty microliters of food coloring distinguished the drug solution and can be seen in this figure as the darker portions in the tubing 15 min and behavior was not recorded. On day 2, behavior in the apparatus was recorded by video during a 5-min test session. Alternatively, the alcohol vapor-exposed animals were subjected to an initial 15-min test session that was recorded by videotape but did not undergo a second day of testing. Elimination of the second day test was based on the demonstration that alcohol vapor-induced immobility appeared to be sensitive to evaluation on the first day (Getachew et al. 2008 (Getachew et al. , 2010 rather than the second day of FST testing during acute withdrawal (Walker et al. 2010) . Test sessions from both exposure conditions were analyzed with AnyMaze video tracking software (Stoelting Co, Wood Dale, IL). Immobility was defined as a lack of active swimming with animals floating to maintain the head above water with only minor paw movement. Swimming was defined as active movement of the animals with all four paws and climbing was defined by active attempts to climb the walls of the apparatus to escape.
Somatic withdrawal signs
Somatic withdrawal signs during acute spontaneous withdrawal in heroin-treated rats were assessed using a modified Gellert and Holtzman (1978) scale. Based on this scale, both checked (teeth chatter, abnormal posture, irritability, diarrhea, swallowing, profuse salivation, erection/ejaculation, and chromodacryorrhea) and graded (escape attempts, abdominal restrictions, and wet shakes) signs were assessed. Checked withdrawal signs were scored as either present or absent while graded withdrawal signs were tallied based on the frequency of the behavior. Assessment of withdrawal signs occurred every other day following the surgical recovery period until 23 days after minipump implantation. Starting on day 19, the last three observation sessions (i.e., 19, 21, and 23) were recorded and averaged for analysis. Each observation lasted 5 min and occurred 6-10 h into the withdrawal period.
Somatic withdrawal signs indicative of alcohol dependence were also assessed 6-10 h into withdrawal using the methods described in Schulteis et al. (1995) . Four behaviors were assessed and scored on a scale of 0-2: hyperirritability upon touch, presence of the ventromedial distal flexion response (measured by gently grasping the rat by the scruff of the neck and checking the retraction of the limbs towards the body), tail stiffness/rigidity, and abnormal posture or gait. Animals were observed for 3 min and given a score that ranged from 0 to 8.
Ultrasonic vocalizations
Alcohol-or heroin-dependent animals were tested during spontaneous acute withdrawal to evaluate behaviors indicative of negative affective-like states induced by dependence.
Production of 22-kHz USVs was assessed by administering a puff of air (~60 psi) to the nape of the animal's neck from a distance of approximately 10 cm. Animals were tested 6-10 h into withdrawal and each session consisted of three trials of 15 air-puffs each. The three trials were separated by 1 min and each air-puff was separated by 15 s. The air-puffs for each trial continued until the animal vocalized. Once a vocalization occurred during the trial, vocalizations were then recorded until they ceased for 1 min, or until the animals vocalized for 10 min total and the animal advanced to the next trial. The approach used to induce USVs was based on the work of others (Knapp et al. 1998; Knapp and Pohorecky 1995) . Vocalizations were recorded with a P48 Electret Ultrasound Microphone (Avisoft Bioacoustics, Germany), E-MU Systems Audio/MIDI Interface (Scotts Valley, Ca) and SeaPro software (created by AEST, Italy). All vocalizations were counted with Avisoft Bioacoustics software (Berlin, Germany). The number and duration of vocalizations from the second trial was used for all data analyses.
Timeline: opioid-exposed animals All heroin-exposed (diacetylmorphine; provided by the NIDA Drug Supply program and dissolved in 0.9 % saline) animals were implanted with osmotic minipumps (considered experimental day 1) corresponding to four different doses of heroin (n06/dose) and allowed to recover until the fifth experimental day. Somatic withdrawal sign evaluations occurred every other day until stability (≤20 % deviation for 3 days) was achieved. Once stability was achieved, the average of the final three sessions (experiment days 19, 21, and 23) were used as the dose-response data for somatic withdrawal signs, with measurement of 22-kHz USVs and immobility in the FST occurring on subsequent days (experimental days 24 and 25-26, respectively).
Timeline: alcohol-exposed animals
Animals were assigned to air-or vapor-exposure conditions and following 2 weeks of intermittent alcohol vapor exposure, independent measurement of somatic withdrawal signs (n010/exposure condition), FST behaviors (e.g., latency to immobility, immobility time, swim time, and climbing time; n 06/exposure condition), percent open-arm time in the EPM (n09/exposure condition), or induced 22-kHz USVs (n 06/exposure condition) were assessed. Based on the results of the 2-week vapor-exposure experiment, two additional groups of animals (n09/exposure condition) were subjected to intermittent alcohol vapor for a 4-week period prior to EPM evaluation.
To assess the relationship between escalated operant selfadministration and 22-kHz USVs, animals were trained to self-administer 10 % alcohol (w/v) prior to 1-month of air or vapor exposure (n 010/exposure condition). Subsequent acute withdrawal self-administration sessions occurred twice weekly until stable responding was achieved and then the animals were assessed for induced 22-kHz USV production. The total time to completion and length of vapor exposure for the animals previously trained to selfadminister alcohol was 8 weeks. A final group of animals was evaluated for somatic withdrawal signs following 8 weeks of alcohol vapor exposure (n 06/exposure condition).
Statistics
In the Laboratory of Alcoholism and Addictions Neuroscience at Washington State University we strive to identify strategies that minimize the unnecessary use of animals and protect against the commission of types I and II errors. Therefore, instead of solely focusing on the p values of ≤α when conducting statistical analyses, power (1-β) was calculated for all analyses with α00.05 and β00.2, such that the p value(s) of ≤0.05 must be accompanied by power ≥0.8 for the data to be acceptable. Cohorts of animals were equally added to each group within each experiment in a random manner with statistical analyses being conducted for each experiment once n05 in every group. If the criteria for α and β were satisfied, the addition of animals to that component of the experiment ceased. In those cases that sample size was approximating commonly accepted sample sizes in preclinical research settings (e.g., n010) and the criteria for α and β had not been satisfied, the empirically determined effect size was used to conduct an a priori power analysis to determine the projected sample size given α0 0.05 and β00.2. If the projected sample size exceeded 20 animals per group, that experiment was concluded and the null hypothesis accepted.
Statistics: heroin-treated animals
Somatic withdrawal scores, 22-kHz USVs (number and duration) and immobility time in the FST were independently analyzed using a univariate analysis of variance (ANOVA) with heroin dose as the between-group factor. If a main effect of dose was determined, post-hoc Dunnett tests were used to compare the vehicle condition to each of the three heroin doses. A two-way mixed-model ANOVA assessed the time course for somatic withdrawal scores was evaluated using a heroin dose as the between-group and test session as the within-subject factors. If a main effect or interaction was discovered, post-hoc comparisons were independently made for each dose during each experimental day. Lastly, Pearson correlations evaluated the relationship between somatic withdrawal scores and 22-kHz USVs.
Statistics: alcohol-treated animals
Because the somatic withdrawal scores following 2 or 8 weeks of alcohol vapor exposure were calculated using what many consider to be ordinal/categorical data, nonparametric independent-sample Mann-Whitney U tests were used for the analysis with exposure level as the between-groups factor. Operant self-administration of alcohol (grams per kilogram) following 8 weeks of vapor exposure, 22-kHz USVs (number and duration) following 2 or 8 weeks of vapor exposure were separately analyzed using a univariate ANOVA with exposure condition as the betweengroups variable. Behavior in the FST (latency to immobility, immobility time, swim time, and climbing time) following 2 weeks of vapor exposure was analyzed using a multivariate ANOVA and behaviors showing no effect of independent variable manipulation were loaded as covariates and the analysis repeated. Percent open-arm time in the EPM following 2 or 4 weeks of air or vapor exposure was analyzed with a two-way ANOVA with exposure condition and exposure duration as the between-groups variables. Appropriate post-hoc comparisons were conducted if a main effect or interaction were found. Pearson correlations between alcohol self-administration (grams per kilogram) and 22-kHz USVs (number and duration) following 8 weeks of exposure were calculated for the air-and vapor-exposed conditions.
Results
As a result of post-surgical complications, two animals in the lowest heroin dose group were removed from the study during the time period between recovery and actual testing. Additionally, four heroin-treated animals (one from the vehicle, one from the 1.5 mg/kg, and two from the 3.0 mg/kg heroin groups) did not complete the entire FST test process due to agitation at the well-healed incision location. Therefore, of the 136 animals that began the study, 130 were included in the data analysis. The impact of different doses of pulsatile heroin on withdrawal scores (Fig. 2a) , immobility in the FST (Fig. 2b) and the number and duration of 22-kHz USVs (Fig. 2c, d) were assessed using a univariate ANOVA. A main effect of dose was found for withdrawal scores (F (3, 18)06.336, p<0.01, power00.921), immobility in the FST (F (3, 17)06.169, p<0.01, power00.886), and for the number (F (3, 18)019.962, p<0.001, power0 1.0) and duration (F (3, 18)033.845, p<0.001, power01.0) of 22-kHz USVs. Dunnett tests identified that the 1.5-and 3.0-mg/day heroin increased withdrawal scores (p<0.05 and p<0.01, respectively), immobility in the FST (p<0.05), and the number (p<0.05 and p<0.001, respectively) and duration (p<0.05 and p<0.01, respectively) of 22-kHz USVs.
The two-way mixed-model ANOVA conducted on the time-course for somatic withdrawal scores (see Fig. 3 ) indicated a main effect of Dose (F (3, 18)08.938, p≤0.001, power00.983), a main effect of session (F (9, 162)02.382, p<0.05, power00.909) and a dose × session interaction (F (27, 162)01.918, p<0.01, power00.993). Post-hoc comparisons indicated that, on experimental days 17-23, the 1.5 and 3.0 mg dose significantly differed (p<0.05) from the vehicle-treated animals and the 3.0 mg dose of heroin significantly increased (p<0.05) somatic scores produced during spontaneous withdrawal when compared with the first day of score measurement (i.e., experimental day 5).
The relationship between somatic withdrawal signs and 22-kHz USVs (n022) was assessed during acute withdrawal (6-10 h) using Pearson correlation tests. Significant positive correlations between somatic scores and the number (r0 0.730, p<0.01; trendline-y012.053x−20.289) and duration (r00.784, p<0.01; trendline-y08.9899x−15.199) of 22-kHz USVs were identified. Figure 4 displays the effects of a 2-week air or intermittent alcohol vapor exposure period on somatic withdrawal scores (Fig. 4a) , behavior in the FST (Fig. 4b) , as well as the number (Fig. 4c) and duration (Fig. 4d ) of 22-kHZ USVs during acute withdrawal (6-10 h). An independent-samples Mann-Whitney U test indentified a significant effect of vapor exposure on somatic withdrawal scores (p<0.001). The multivariate ANOVA conducted on behaviors in the FST indicated a main effect of vapor exposure on latency to immobility (F (2, 9)010.705, p<0.05, power00.8), total immobility time (F (2, 9)010.705, p<0.05, power00.811), Fig. 2 Mean (+SEM) somatic withdrawal scores (a; n04-6), immobility time (b; n04-6) and 22-kHz USV number (c; n04-6), and duration (d; n04-6) were dose-dependently increased during acute withdrawal using pulsatile exposure to induce heroin dependence (*p <0.05; **p<0.01; ***p<0.001 compared with the vehicle-treated condition) Fig. 3 Mean (±SEM) somatic scores during spontaneous acute withdrawal (6-10 h) from pulsatile heroin. Following the second week of spontaneous withdrawal, the 1.5 and 3.0 mg/14 h doses produced a significant increase in somatic withdrawal scores that stabilized by day 23 (*p<0.05 when compared with vehicle-treated controls; †p<0.05 when compared with baseline data collected on experimental day 5) and swim time (F (2, 9)010.705, p<0.05, power00.81) when using climbing time as a covariate. Similarly, univariate ANOVAs showed that vapor-exposed animals had a significantly increased number and duration of 22-kHz USVs (F (1, 10)012.291, p<0.01, power00.884; F (1, 10)017.687, p<0.01, power00.965, respectively) during acute withdrawal when compared with the air-exposed controls. Conversely, when the EPM data (see Fig. 5 ) for rats in acute withdrawal (6-10 h) following exposure to intermittent alcohol vapor for two (n09/exposure condition) or 4 weeks (n09/exposure condition) was analyzed, the twoway ANOVA indicated a main effect of condition (F (1, 32)07.347, p<0.05), a main effect of duration (F (1, 32)0 5.11, p<0.05), and condition × duration interaction (F (1, 32)08.589, p<0.01, power00.859). Post-hoc comparisons confirmed that the 4-week vapor exposed animals spent a significantly lower percentage of time in the open arms when compared with the 4-week air-exposed animals (F (1, 16)010.601, p<0.01, power00.863) and when compared with the 2-week vapor-exposed animals (F (1, 16)0 9.858, p<0.01, power00.838). Therefore, the developmental pattern of 22-kHz USVs corresponded to immobility behavior in the FST but not behavior in the EPM.
The animals that were exposed to intermittent alcohol vapor for 8 weeks displayed a significant increase (see Fig. 6 ) in somatic withdrawal signs (independent-samples Mann-Whitney U test, p 00.004) and operant selfadministration of 10 % (w/v) alcohol (g/kg; F (1, 18)0 10.464, p<0.01, power00.864) when compared with the Open-arm time in the EPM during acute withdrawal was not impacted by 2 weeks but significantly decreased by 4 weeks of vapor exposure ( ‡p<0.05 when compared with the 4-week air-exposed group; †p<0.05 when compared with the 2-week vaporexposed group air-exposed animals. In the alcohol self-administering animals that were in withdrawal, both the number (F (1, 18)0 43.852, p<0.001, power01.0) and duration (F (1, 18)0 27.126, p<0.001, power00.998) of 22-kHz USVs were significantly elevated when compared with the air-exposed group. In the air-exposed animals, there was no evidence of any correlations between operant alcohol self-administration and 22-kHz USV production. However, in dependent animals, significant positive correlations were determined for both the number (r00.686, p<0.05; trendline-y012.053x −20.289) and duration (r00.840, p<0.01; trendline-y0 8.9899x−15.199) of 22-kHz USVs and self-administration of alcohol (grams per kilogram).
Discussion
In accordance with the hypothesis that pulsatile delivery of heroin via osmotic minipumps would induce dependence and exhibit spontaneous withdrawal-induced behavioral change, the results showed that animals who received pulsatile heroin exposure dose-dependently increased their somatic withdrawal signs over the course of 3 weeks. This time frame is consistent with evidence showing that opiate dependence occurs approximately 7-20 days after the initiation of chronic opiate treatment (Blasig et al. 1973; Fernandes et al. 1977; Marshall and Weinstock 1971) although the present data demonstrated that, using a pulsatile Fig. 6 Mean (+SEM) somatic withdrawal scores (a; n 06/group), operant alcohol self-administration (b; n 010/group), and 22-kHz USVs (c, d; n010/group) after 8 weeks of air or intermittent alcohol vapor exposure (**p<0.01; ***p<0.001, when comparing air and vapor exposure conditions). In vapor-exposed animals, alcohol selfadministration and 22-kHz USVs were shown to be predictive of each other (e, f; *p<0.05; **p<0.01) delivery method that resulted in repeated cycles of exposure and spontaneous withdrawal on a daily basis, the development of a dependence-like phenotype (as indexed by somatic withdrawal signs) took approximately 2 weeks. Likewise, animals that were exposed to intermittent alcohol vapor for 2 weeks showed increased somatic withdrawal signs during acute withdrawal.
Supportive of our second hypothesis, animals exposed to pulsatile heroin showed dose-dependent increases in 22-kHz USVs during spontaneous withdrawal, just as those exposed to intermittent alcohol vapor did. Therefore, pulsatile heroin and intermittent alcohol vapor exposure increase the number and duration of 22-kHz USVs which supports the use of these approaches to reliably assess dependence-induced negative affective-like states. Under a comparable exposure timeframe, alcohol-and heroin-exposed animals in acute withdrawal showed a significant increase in immobility time in the FST when compared with control animals. It must be noted that there is a slight disconnect in the timing of withdrawal-induced immobility in the FST between these two drug-classes (i.e., heroin-exposed animals show sensitivity on the second day, whereas alcohol-exposed animals are most sensitive on the first day of testing). However, the predictive validity of the model does not seem to be compromised as other studies have shown that increased immobility on the first day of the FST during withdrawal is sensitive to anti-depressant treatment (Getachew et al. 2008 (Getachew et al. , 2010 or correlates with other behaviors indicative of anhedonic-like behavior (Chartoff et al. 2012) , such as increased thresholds for intracranial self-stimulation.
Following 8 weeks of intermittent vapor exposure, somatic withdrawal signs were still present and animals that displayed escalated operant alcohol self-administration also had increased production of 22-kHz USVs. Indeed, those animals also showed a significant correlation between the number and duration of 22-kHz USVs and levels of selfadministration, whereas the air-exposed animals displayed no such correlation. It follows that observation of either behavior in alcohol-dependent animals would be predictive of the occurrence of the other behavior. The escalated selfadministration observed in dependent rats has been extensively characterized and shown to be a learned plasticitydependent response hypothesized to remove the negative affective state that is present during withdrawal (for review, see Walker 2012; Smith et al. 2011) . Considerable interest in genetically selected lines of rats such as the alcohol preferring (P) and non-preferring rats has occurred due to similarities in P rat alcohol consumption, as well as other behaviors, to those diagnosed with AUDs (for review, see Bell et al. 2006) . One factor considered as a putative contributor to the excessive alcohol consumption exhibited by P rats was enhanced 'emotionality', a state that could drive a P rat to engage in excessive alcohol consumption in order to remove that state. Because of the possibility for enhanced 'emotionality,' P have been tested for air-puff induced 22-kHz USVs, in which USVs were shown to be negatively correlated with alcohol intake ), a pattern opposite of that observed in the present experiment. While those data generated with P rats did not support the concept of negative reinforcement as a basis for excessive alcohol consumption in P rats, the present results showing that 22-kHz USVs are positively correlated with alcohol selfadministration in dependent animals does. Consequently, the co-occurrence of these behaviors supports the need for further investigations into the neurobiological basis of negative reinforcement learning.
The use of osmotic minipumps to induce drug dependence for the study of affect during withdrawal has seldom been tested. For example, one study used subcutaneous osmotic minipumps to continuously deliver amphetamine to rats and removed the minipumps to induce withdrawal (Paterson et al. 2000) . However, the current models used intermittent drug exposure to induce dependence and there are several benefits to intermittent exposure. In alcohol dependence, intermittent alcohol vapor exposure produces escalation in operant responding in the first period of withdrawal, escalation that is not seen in animals exposed to continuous alcohol vapor (Lopez and Becker 2005; O'Dell et al. 2004) . Likewise, seizures are a common physiological symptom of alcohol withdrawal and are increased with intermittent schedules of alcohol exposure (Matsumoto et al. 2001) , although in the present study, target BALs were such that withdrawal-induced seizures were non-existent. Periods of drug exposure and withdrawal, therefore, appear important for development of the neurophysiological changes that characterize alcohol dependence (O'Dell et al. 2004) . Multiple withdrawal cycles via intermittent exposure also increase negative affective-like behavior. Alcohol dependent animals exposed to multiple withdrawal cycles spend less time in social interactions and show increased anxiety-like behaviors on the EPM (Breese et al. 2005; Overstreet et al. 2004) . Likewise, repeated alcohol withdrawal sensitizes withdrawal-induced anxiety; therefore stress caused by withdrawal increasingly induces negative affective behaviors during protracted abstinence (Breese et al. 2005; Walker et al. 2010) . Therefore, intermittent alcohol exposure could putatively result in a more rapid escalation in operant responding, as well as increased somatic and affective withdrawal signs, and the current method of pulsatile delivery of heroin was designed in consideration of such factors.
Both somatic and affective withdrawal signs were assessed for heroin-exposed animals during spontaneous withdrawal. In opioid dependence models, withdrawal is generally precipitated by an opioid-receptor antagonist such as naloxone or naltrexone (Barr et al. 1998; Gellert and Holtzman 1978; Goeldner et al. 2011; Koob and Le Moal 1997) . One study did assess somatic withdrawal signs with comparable methodology to the present study, however, the complete spectrum of somatic signs was evaluated under conditions of precipitated withdrawal and only the animal's weight (which decreased) was measured under conditions of spontaneous withdrawal from chronic heroin exposure (Azar et al. 2004) . In contrast, the current model allows for assessment of both somatic withdrawal signs and negative affective-like states in opioid dependence, as well as for repeated testing in the multiple periods of withdrawal. The present model suggests enhanced predictive and construct validity in that somatic and psychological withdrawal signs were dose-dependently increased in heroin-exposed animals. Importantly, daily drug exposure and spontaneous withdrawal has further face validity than models of precipitated opioid withdrawal because human opioid abusers experience spontaneous withdrawal and then take more drugs to relieve the withdrawal symptoms (i.e., negative reinforcement/self-medication), on a daily basis (Baker et al. 2004; Kaplan 1992) . Of additional note is the fact that somatic withdrawal scores were correlated with 22-kHz USV production; an association that should be clinically relevant, in that, humans experiencing physiological withdrawal symptoms are likely to have dependence-induced depression that persists much longer than those that do not experience withdrawal (Brown and Schuckit 1988) In the pulsatile heroin-exposure model, animals are passively receiving heroin versus actively self-administering heroin under conditions of long-access, and methodological difference could influence dependence and withdrawal signs. In cocaine self-administration binge models, yokedcontrol animals passively received cocaine based on operant responses made by a self-administering animal and emitted more 22-kHz USVs after the last cocaine infusion than the self-administering animals (Mutschler and Miczek 1998) . This difference indicates that there may be an aversive quality to passively receiving cocaine. Conversely, passive chronic morphine treatment produces escalated heroin selfadministration as do long-access heroin self-administration models Vendruscolo et al. 2011; Walker et al. 2000) , and these effects indicate that passive or active opioid exposure are both sufficient to produce escalated responding for heroin as long as the daily duration of exposure is of sufficient length, otherwise the rapidity of escalation suffers (Vendruscolo et al. 2011) . Additional support comes from ventral tegmental area electrophysiological evidence showing highly correlated cellular responses to non-contingent or contingent heroin administration (Steffensen et al. 2006) .
Historically, there have been attempts to differentiate between anxiety-and depressive-like behaviors when assessing negative affect. There appear to be different biological underpinnings for depression and anxiety (Krishnan and Nestler 2008; Nutt and Stein 2006) , and it is important to separate these conditions. In the present experiment, immobility in the FST was considered a putative measure of negative affective symptoms resembling depression (Cryan et al. 2002 (Cryan et al. , 2005a during withdrawal. There is extensive evidence that 22-kHz USVs are indicative of negative affective states in rats (Burgdorf et al. 2001; Knutson et al. 2002; Portfors 2007) , and air-puffs have been validated as a non-painful method for inducing these vocalizations (Knapp and Pohorecky 1995) . The current results of escalated USVs during alcohol and opioid withdrawal are consistent with the published literature. Namely, animals exposed to alcohol liquid diet showed an increase in number and duration of USVs during withdrawal (Moy et al. 1997 (Moy et al. , 2000 and adult rats in morphine withdrawal also produce significantly more low USVs than saline controls (Vivian and Miczek 1991) . In agreement, increased immobility in the FST is observed during alcohol and opioid withdrawal (see present results and Molina et al. 1994; Walker et al. 2010) .
Of considerable interest, and consistent with our hypothesis, is the fact that after 2 weeks of alcohol vapor exposure, immobility in the FST and 22-kHz USV production were significantly increased during acute withdrawal, but openarm time in the EPM was unaltered. Furthermore, it was not that animals could not display an anxiety-like phenotype using the vapor model because after 4 weeks of vapor exposure, the percentage of time spent in the open-arms of the EPM was significantly decreased during acute withdrawal. Taken together, these results suggest that a depressive-like phenotype is produced during withdrawal after 2 weeks of intermittent vapor exposure, but an anxiety-like phenotype is not produced under the same conditions. Ultimately, a transition from the FST to the use of 22-kHz USVs as a measure of negative affect resembling depression might be warranted given that the temporal characteristics of 22-kHz USV production in alcohol-dependent animals are consistent with immobility in the FST but not open-arm time in the EPM. However, such a statement cannot be made lightly in the face of numerous studies that have been conducted to evaluate anxiety-like behavior in the EPM following chronic alcohol exposure. An assessment of 26 journal articles (using the Pubmed database) utilizing the EPM to assess anxiety-like behavior in alcohol exposed rats identified very few that used as short of an exposure period as that used in the present study and all used a continuously available, rather than intermittently available, alcohol liquid diet to induce dependence. Of those, one systematically examined the developmental time course for maximal anxiety-like behavior and indentified that 24-h into withdrawal was an optimal time following 15 days of continuously available access to an alcohol liquid diet (Pandey et al. 1999) . Others evaluated EPM performance at a withdrawal time point more consistent with that in the present study (i.e., 6-8 h into withdrawal) but still had methodology that deviated considerably from ours that included the use of Sprague-Dawley rats, rather than Wistar rats, and a continuously available liquid diet approach (e.g., Devaud et al. 1999; Moy et al. 1997 Moy et al. , 2000 . Thus, the ability to measure an anxiety-like phenotype in those studies could be attributable to many methodological factors, with continuous availability posited as the best explanation. Additional vapor exposure EPM studies have been conducted, but the shortest duration of exposure was 3 weeks, with testing conducted 12 h into withdrawal (Valdez et al. 2002) . In the present study, 2 weeks of vapor exposure was insufficient, whereas 4 weeks of exposure induced a decrease in percent open-arm time. It follows that the measurable anxiety-like levels must have occurred somewhere between 2 and 4 weeks, although the exact timing is unknown. Therefore, our data are consistent with the literature, in as much as there is not a good comparison for the 2 weeks intermittent vapor exposure regimen prior to testing in the EPM 6 h into withdrawal. It should be noted that when assessing motivational-like indices of dependence and withdrawal, it was shown that a 2-week intermittent vapor exposure schedule produced a superior dependence-like behavioral profile of escalated alcohol self-administration during acute withdrawal than continuous exposure to alcohol vapor (O'Dell et al. 2004) .
Because 22-kHz USVs paralleled immobility in the FST, a behavior posited to be indicative of a depressive-like state (Cryan et al. 2002 (Cryan et al. , 2005b , measurement of 22-kHz USVs could be an ethologically valid approach for the assessment of an aspect of "negative affect" that is distinct from behavioral change in the EPM under shorter alcohol vapor exposure conditions at the time point of withdrawal utilized in the present study. One benefit of utilizing 22-kHz USVs to assess negative affect is the well defined neurocircuitry underlying their production (Wright and Panksepp 2011) that can aid in future neurobiological investigations. However, it remains that 22-kHz USVs have been interpreted by some as anxiety-like responses, but a systematic assessment of the conditions under which 22-kHz USVs are produced suggests that 22-kHz USVs are produced in anxiety models that have an inherent depressive-like component as well (Vivian and Miczek 1993) . Further research will have to be conducted in order to address whether 22-kHz USVs are indicative of negative affect resembling depression or anxiety in a manner satisfactory to all.
In summary, intermittent alcohol vapor exposure and pulsatile heroin delivery lead to dependence as determined by multiple indices of withdrawal in rats. In addition to somatic symptoms, increases in FST immobility and 22-kHz USVs were shown to accompany withdrawal following 2 weeks of intermittent alcohol vapor exposure. Given that 22-kHz USVs parallel immobility in the FST suggests that they can be used as a measure of negative affect in the rat that is distinct from behavioral change in the EPM under certain conditions. Furthermore, in animals exposed to 8 weeks of alcohol vapor exposure, escalation of alcohol self-administration was observed and 22-kHz USVs were significantly increased. Consequently, these methods should provide a basis to evaluate the neurobiological substrates of negative affective behavior in alcohol-and opioiddependent rats and assist in pharmacotherapeutic development efforts to treat opioid and alcohol dependence.
